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PLANAR MICRO-DISCHARGE GAS
DETECTOR

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Application Ser. No. 60/502,676, Sep. 12, 2003.

FIELD OF INVENTION

This mvention pertains to gas detection, especially for
nitric oxide 1n exhaust gas, and gas chromatography detection
and analysis.

BACKGROUND OF INVENTION

Nitric oxide (NO), along with the other hazardous mitrogen
oxides, 1s known to be mvolved 1n and important to many
physiologically or clinically important processes. It is also an
increasing concern for its environmental impact. Nitric oxide
1s commonly produced as a byproduct in the combustion
Processes.

T'herefore, there 1s a substantial need for a gas
detector that can provide real-time monitoring of nitric oxide,
particularly 1n exhaust gas mixtures, 1n a sensitive, accurate
and economic manner.

(Gas chromatography 1s a scientific method of gas analysis
and 1dentification, mcluding trace gas identification such as
chemical agent detection. The most sensitive and differenti-
ating gas detectors used 1n gas chromatography are also the
most expensive and bulky. Thus there 1s the need for less
expensive, lighter, highly sensitive and selective gas detectors
for gas chromatography.

Gas analysis 1nvolves identification and quantification
(measuring the partial pressure of each gas) when multiple
gases are present 1n a mixture of gases. The basis of gas
identification and quantification for the current invention 1s
emission spectroscopy, which 1s 1dentification of gases from
characteristic light emitted from molecules or atoms. I have
developed a nanoliter-sized gas discharge device which
causes gases to emit light when they enter a small, high-
clectric field region. The light from the discharge can be
detected by several instruments, including spectrometers
(grating or prism based), photodiodes, vacuum photodiodes,
and photomultiplier tubes; even the human eye can be used to
identily some gases, such as the light emitted from neon
(which 1s the same color emitted by neon signs).

My mvention 1s a micro-discharge device (or an array of
devices) through which gas may flow. Gases 1n the micro-
discharge region emit light, which 1s detected with a photo-
sensor. If there 1s an array of microdischarge devices, then
cach micro-discharge device in the detector array has at least
one photosensor, and each photosensor may have an optical
filter, making 1t sensitive for a particular wavelength range of
interest. Gas may be forced to tlow through the device from a
pressure differential created by the gas source or from a
pump.

Additionally, an electric circuit may be used to monitor the
gas discharge characteristics such as a circuit for measuring
the voltage or current across the discharge. This measurement
can also be used to aid 1n gas identification since different
gases typically have different electronic characteristics.

Fiber optics may be used to direct light from the discharge
devices to the optical sensing equipment. My micro-dis-
charge devices have the ability to withstand high tempera-
tures such that they can be used directly in hot gas tlow where
optical sensing elements often fail to operate. Fiber optics

10

15

20

25

30

35

40

45

50

55

60

65

2

would allow the detector to be located 1n a chemically reactive
and high temperature environment while delivering the light
to optical sensing equipment located a few centimeters to a
few meters away 1n a relatively cool ambient atmosphere.
This offers another advantage to my detector, that advantage
being that little or no gas conditioning needs to be performed
before an analysis 1s made. This speeds the analysis and

reduces filtering and pre-conditioning costs.

THEORY OF OPERAITON

Electric discharges can be formed 1n air 11 a voltage exists
between two conductors creating an electric field which 1s in
excess ol 10 kV/cm. Often when discharges are formed 1n this
manner 1n atmospheric pressure air, the discharge is erratic,
forming thin, intense filaments that dance on the surface of
the electrodes. It 1s known that the discharges become rela-
tively stable 11 the product of gas pressure (P) and distance
between electrodes (d) 1s several Torr*centimeters
(Pd="Torr-cm), depending on the type and mixture of gases
present. If the discharge 1s operated 1n an atmospheric pres-
sure air environment, then the distance between electrodes
must be =~100 microns (10~* meters). In my invention, the
distance between electrodes 1s between 1 and 500 microns.

The electrodes can be made of metal or other conductor,
and may be screen printed or patterned into substrates such as
alumina, silicon, boron nitride, plastic, or other suitable 1nsu-
lator. At least two electrodes are needed to produce a stable
micro-discharge, and they are typically separated by 100
microns or less, and are 100 microns wide or less. A power
supply 1s connected to the conductors, and 1if the voltage
between them creates an electric field >10kV/cm, a discharge
forms 1n the gas above the substrate and between the elec-
trodes. In order to create a more durable discharge device, the
metal electrodes can be coated with an 1insulator film such as
magnesium oxide, silicon dioxide, or silicon mitride to pre-
vent reactions between the gas and metal which can oxidize
the electrodes. When an 1nsulator film 1s covering the elec-
trodes, the current applied to the electrodes must be alternat-
ing or continuously pulsed to sustain a discharge. Typical
operating frequencies range from 10 kHz (10 kilohertz) to 10
MHz (10 megahertz), with the higher frequencies producing
a more intense discharge.

An additional benefit to coating the electrodes with an
insulating material and using alternating current to create a
discharge 1s that the current delivered to the discharge is
self-limiting. The discharge 1s composed primarily of nega-
tive electrons and positive 1ons. During each current pulse (V4
of the alternating current cycle), negative electrons travel to
the positive electrode and cover the insulating material with
negative charge. Likewise, positive 1ons travel to the negative
clectrode and coat the insulating film with a positive charge.
The build-up of charges on each electrode cancels the electric
field between the two electrodes, and the discharge ceases.
During the next 2 cycle of the current pulse, the process
reverses, and the electrons and 10ons deposit on the opposite
clectrodes until an opposing field extinguishes the discharge.
This type of discharge 1s referred to as a dielectric barrier
discharge, and needs no external element 1n the power supply
to limit current in the discharge, as 1s necessary 1n most direct
current driven discharges. Multiple discharges can be made to
operate on the same substrate all using a common power
supply.

Once suitable conditions exist to form a discharge 1n the
gas surrounding the electrodes, atomic and molecular optical
radiation 1s produced. Each molecule or atom emits specific
radiation which uniquely 1dentifies that molecule or atom. If
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this light 1s analyzed appropriately, it can be used to 1dentify
species 1n the discharge. Additionally, the intensity of light
depends on the partial pressure of species present in the
discharge. Algorithms can be generated to determine the type
and concentration of gases present 1n the discharge, which are
also dependent on the electrical power supply operating char-
acteristics (including frequency, voltage, and operating wave-
form).

Of particular interest for my invention 1s the emission
spectrum of nitric oxide (NO). Nitric oxide has a strong
emission band extending from 214 nm to 287 nm. This emis-
s1on band has many strong peaks, any of which can be used
for NO 1dentification. The intensity of this emission 1s
strongly influenced by other gases present in the discharge. In
particular, oxygen (O, ) reduces the NO emission. However, 1T
the oxygen concentration 1s known, then the NO concentra-
tion can be deduced from the NO peak intensity, or con-
versely, 11 the NO concentration 1s known, then the oxygen
concentration can be calculated. Oxygen concentration may
be determined by atomic oxygen emission from a triplet of
lines around 777 nm, or 795 nm, or 823 nm. If the intensity of
emission of lines of both atomic oxygen and molecular nitric
oxide are measured, then both the concentration of oxygen
and nitric oxide can be determined. Similar strategies can be
used to determine the concentration of water vapor (from
hydrogen oxide, OH, emission near 308 nm or 282 nm), and
carbon monoxide (multiple lines between 209 nm to 240 nm).
The concentrations of all these chemicals can be made simul-
taneously, with each measurement taking less than 100 ms
(milliseconds). This 1s a great improvement over current tech-
nologies which require gas sampling and conditioning, which
increase the time for taking measurements to several minutes.

The spectroscopic 1dentification of gases present 1n a dis-
charge oiten requires a relatively large, complex and expen-
stve spectrometer to analyze the light from the discharge. It
the gas composition i1s roughly known, then a more simple
technique may be used to obtain concentration measure-
ments, greatly reducing the cost of a piece of equipment. In
this case, several strategic wavelengths of the emission spec-
trum are monitored using inexpensive photodiodes combined
with interference filters to select the wavelength of interest. A
planar, linear array of micro-discharge gas devices can be
tabricated, with a mating array of photodiodes mounted such
that each photodiode monitors an individual discharge. Each
micro-discharge/photodiode pair can monitor a different
spectral region, and the intensity outputs analyzed in a com-
puter for concentration analysis. This technique would
require 2 emitter/detector pairs for each gas monitored. In the
case of NO, 4 emitter/detector pairs would be needed, 2 for
NO, and 2 for oxygen. Since the micro-discharge device can
handle high temperatures, fiber optics can be used (which can
also handle high temperatures) to couple the light from the
discharge devices to the photodiode arrays, thus creating a
device which can be inserted into hot process gas streams.

Additional information may be obtained on the gas species
within the discharge by observing the afterglow (light output)
aiter the excitation source (current) 1s shut off. Some atoms
and molecules continue emitting light for microseconds after
the discharge ends. The length of time and the color of light
given oll 1s another signature of the gas species within the
discharge and can also be used to gain msight to the quantity
and type of gas in the discharge. Thus a repeated pulse of
power may be applied to the discharge and light can be
monitored not only during the main discharge but in the
alterglow as well. Another way to observe the afterglow of the
gas 1s to monitor light emission 1n the tlow of gas downstream
of the discharge. For instance, 11 the gas tlow rate through the
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detector 1s 1 meter second (a typical flow rate), then light
emission 1 mm downstream from the discharge serves as a
point to observe the gas 1 millisecond after it exits the dis-
charge region.

DETAILED DESCRIPTION OF INVENTION

I have designed a micro-discharge device that can be oper-
ated with an AC power supply 1n gases at pressure ranges
from a few milli-Torr to a few atmospheres. The device has
two electrodes typically separated by a gap of several tens of
microns (the gap may be one micron to 500 microns). A
discharge 1s formed 1n the gas in the gap by applying an AC
voltage between the two electrodes.

In fact, it 1s the small size of the discharge that allows 1t to
operate 1n a stable manner at atmospheric pressure. Larger
dimension devices (greater than ~200 microns) tend to
exhibit 1nstability in the discharge which results in noise,
limiting the sensitivity. Atmospheric pressure operation 1s an
advantage since external pumps are not required as they are 1n
several competing detector technologies.

If a pump 1s used, thus decreasing the operating pressure of
the discharge, the optical radiation emitted from the discharge
will have a reduced linewidth. This will allow the 1dentifica-
tion of more peaks within a given wavelength range, increas-
ing the number of chemicals that can be simultaneously 1den-
tified 1n the case where several chemicals are present 1n the
discharge at the same time.

In operation at atmospheric pressure a typical device con-
sumes around 10 mA at 180V 1n a helium gas. Thus, using
only 1.8 watts, a small battery powered supply can keep the
device working in excess of 24 hours.

A fiber-optic cable (or multiple fibers) can be inserted into
holes drilled in the body of the detector to transmit light from
the discharge to equipment (36), such as a spectrometer or
photodiode for spectral analysis. In fact, an array of fibers
(36a) 1n close proximity to the discharge can gather informa-
tion about different parts of the discharge all at the same time.
Optical fibers can be 5 smaller than one micron core diameter
to larger than 100 microns. Since the discharge length 1s
approximately 1 to 500 microns, optical fibers are of the
proper size for use with the current invention. Fibers also have
the property to filter light they collect. Thus proper choice of
fiber diameter and material can serve as a filter to block light
that 1s not of interest.

DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the basic structure of the preferred embodi-
ment of the device. The substrate (10) 1s made of any 1nsu-
lating material, including silicon, silicon nitride, silicon car-
bide, glass, mica, ceramic, quartz, or even plastic. This
substrate can be any thickness and 1n general provides support
for the electrodes (12) and (14). The figure was drawn assum-
ing % millimeter thickness. The electrodes can be made of
any conductor, but materials that have good adhesion to the
substrate are desired. The electrodes can be vacuum depos-
ited, electroplated, screen printed, or attached to the substrate
with adhesives. The electrodes (12) and (14) can be formed
initially as a continuous sheet of metal on the substrate and
subsequent manufacturing steps can remove the unwanted
metal to form the desired shape. The metal may have different
compositions adjacent to the substrate to promote adhesion.
The total metal thickness can range from 100’s of angstroms
to 100’s of microns. Electrodes (12) and (14) have atleast one
region where the metal from each are relatively close to one
another. The gap between them may be from 1 to 100°s of
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microns, and this gap 1s referred to as the discharge region
(16), a region of intense electric field when a voltage differ-
ence 1s applied between the electrodes. The width of the gap
1s also from 1 to 100’s of microns. The device may have one
such region, or many parallel devices, 4 are shown 1n the
figure. Several features are not shown on FIG. 1. One impor-
tant design 1s an insulative coating applied over the entire
surface of the device. This coating enables each discharge
region to operate as a dielectric barrier discharge, such that
many devices can work 1n parallel. Also, a means for supply-
ing an AC voltage between electrodes (12) and (14) 1s not
shown. This voltage should be sufficient to cause a break-
down of the gas in the discharge region, anywhere between
100 to 1000 volts or igher, and at frequencies of 1 hertzto 10
megahertz.

FI1G. 2 shows a close-up top view from above the discharge
region (16). The circle shown represents a typical boundary of
the gas discharge when little or no gas tlow 1s present. FIG. 24
shows a cross-sectional view of the discharge region (16),
with the insulative coating shown (30). The dotted curve
represents how the discharge region (16) may extend above
the surface of the device.

FIG. 3 shows another close-up top view of the discharge
region (16), with a fiber optic cable (18) shown which collects
the light from the discharge. The fiber would typically be
positioned up-stream of the gas flow (20) 1n order to help
prevent deposits from forming on the face of the fiber. F1IG. 3a
turther shows how a “V-groove” (22) may be used to facilitate
fiber positioming near the discharge region. The fiber can be
mechanically held 1n the V-groove (22) or bound to the sur-
face 1n some other fashion.

FI1G. 4 shows an alternative way of collecting the light from
the discharge. In this figure, a photodiode (24) 1s positioned
near to the discharge device. Ideally, there would be at least
two photodiodes collecting light from each discharge 1n the
device 1 order to decrease noise signals caused by tluctua-
tions 1n discharge intensity created by power supply fluctua-
tions. Additionally, an optical filter (26) may be added
between the photodiode (24) and discharge region (16) to
selectively filter particular portions of the spectrum for analy-
s1s. Ideally, each discharge would have a different color filter
installed in front of the photodiode (24) for wavelength dis-
crimination. Additionally, gas flow would be directed to help
keep deposits from forming on the optical surface of the
photodiode.

FIG. 5 shows a top view of an alternative geometry for
device construction. In this case, a hole (28) 1s made through
the substrate (1) just below the discharge region (16). Gas
flow may be zero, or either direction through the hole. In this
case, the light detection equipment may be on either side of
the hole. FIG. 5a shows a cross-sectional view of the alterna-
tive geometry in FIG. 5.

FIG. 6 shows a cross-sectional view of an embodiment
with multiple holes (28) in the substrate. In this case, i1t there
were a gas tlow across the holes, then each hole would “view”
the gas at a specific time after i1t exited the discharge. The
holes away from discharge would only see light from the
alterglow of the discharge and could give additional informa-
tion to gas composition. FIG. 6a shows a top view of the
embodiment 1 FIG. 6.

FI1G. 7 pictures the device used as a gas detector for the gas
coming {rom a small tube, such as the output of a gas chro-
matograph column (32). Here, the gas flows from the column
and across one or multiple gas discharge devices, each giving
off light which can be used for gas identification and quanti-
fication. Ideally, the column would also be minmiaturized cre-
ating a complete detector which could be battery powered and
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portable. A benefit of using this detector technology with gas
chromatography 1s not only the sensitive technique of deter-
mining when a gas exits a column, but the ability to identify
the gas after 1t exits the column based on 1ts emission spec-
trum. This ability greatly enhances the usefulness and power
of gas chromatography systems (38).

FIG. 8 shows the basic detector with an additional elec-
trode. This probe electrode (34) serves as a probe to monitor
the discharge characteristics. In operation, the electrode
would be 1n direct contact with the plasma 1n the discharge
region (16) (no 1msulator material) and would reach a poten-
tial which would depend on the operating characteristics of
the plasma. The potential of this “sense” electrode would
have an AC component with the same frequency as the dis-
charge, but the average value will be different as different
gases enter the discharge. A high impedance circuit (13)
connected to the probe electrode (34) would measure the
potential between the probe electrode (34) and a ground as an
additional means for gas identification.

FIG. 9 shows a top view of one final geometrical arrange-
ment of the electrodes. In this figure, electrode (12) and
clectrode (14) are overlapping but with an insulator (30)
between the electrodes. FIG. 9a shows a cross-sectional view
of the geometric arrangement 1n FIG. 9. The electrodes (12)
and (14) and insulator (30) all rest on a substrate (10). This
overlapping design will create a stronger electric field which
will facilitate discharge mitiation in the discharge region.

I claim:

1. A gas discharge detector that analyzes a gas comprising;:

a) a substantially uniform, uninterrupted insulative sub-
strate with a first surface;

b) a first electrode on said first surface of said substrate;

¢) a second electrode positioned on said first surface such
that said first and second electrodes define a gap o1 1 to
500 microns between said electrodes and across said
first surtace;

d) an 1nsulative coating over a surface of said electrodes;

¢) the gas discharge detector adapted to recerve suificient
voltage between said electrodes 1n the presence of a gas
that causes the gas to emit light 1n a discharge region
around the gap; and

1) spectral analysis equipment that collects the light from

the discharge region and that identifies properties of the
gas from the light.

2. The detector of claim 1 wherein said spectral analysis
equipment 1s a spectrometer that determines the identity or
concentration of a component of the gas present 1n the dis-
charge region.

3. The detector of claim 2 further comprising an optic fiber
cable with a tip of said cable disposed near the discharge
region that transmits the light to said spectral analysis equip-
ment.

4. The detector of claim 3 additionally comprising a means
for positioning a tip of said fiber cable near the discharge
region.

5. A gas discharge detector that identifies properties of a
gas sample 1n conjunction with a gas chromatography system,
the detector comprising:

a) a substantially uniform, uninterrupted insulative sub-

strate with a first surface;

b) a first electrode on said first surface of said substrate;

¢) a second electrode on said first surface of said substrate

and disposed across said first surface from said first

clectrode to define a gap of 1 to 500 microns between
said first and second electrodes;

d) an 1nsulative coating over a surface of said electrodes;
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¢) the gas discharge detector adapted to receive sufficient
voltage between said electrodes 1n the presence of a gas
that induces a light emitting gas discharge 1n a discharge
region around the gap;

1) means for collecting light disposed sufliciently proxi-
mate the discharge region to collect light from the gas
discharge; and

g) spectral analysis equipment that identifies properties of
the gas emitted from the gas chromatography system by
analyzing the light from the discharge region.

6. A gas discharge detector that analyzes a gas comprising:

a) a substantially unminterrupted insulative substrate with a
first surface;

b) a first electrode on said first surface of said substrate;

¢) a second electrode positioned on said first surface such
that said first and second electrodes define a gap between
said electrodes and across said first surface;

d) an msulative coating over a surface of said electrodes;

d) wherein the gas discharge detector 1s adapted to receive
sulficient voltage between said electrodes on said first
surface 1n the presence of a gas that causes light to be
emitted 1n a discharge region around the gap; and

¢) spectral analysis equipment that identifies properties of
the gas by analyzing said light collected from the dis-
charge region.

7. A gas discharge detector according to claim 6, further
comprising an optical fiber cable that collects light emitted
from a gas discharge and that transmits the light to the spectral
analysis equipment.

8. A gas discharge detector according to claim 6, wherein
said electrodes are positioned between 1 and 3500 microns
apart on said first surface.

9. A gas discharge detector according to claim 6, wherein
an alternating current 1s applied to said electrodes.

10. A gas discharge detector according to claim 6, wherein
said substrate comprises an insulating material selected from
the group consisting of silicon, silicon nitride, silicon carbide,
glass, mica, ceramics, quartz, or a plastic.

11. A gas discharge detector according to claim 6, further
comprising a probe electrode located on said first surface of
said substrate proximate the discharge region, wherein said

8

probe electrode measures electrical properties of a gas dis-
charge to 1dentity gases therein.

12. A gas discharge detector that identifies properties of a

gas, the detector being adapted to receive sutlicient voltage

5 between electrodes that causes light emitting gas discharge 1n
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a discharge region between the electrodes, the gas discharge
detector comprising:

a) an msulative substrate with a first surface and a second
surface:

b) a first electrode on said first surface of said substrate;

¢) a second electrode positioned on said first surface across

from said first electrode, wherein said substrate defines a

hole between said electrodes, the hole extending through
said substrate from said first surface to said second sur-
face, wherein the light from the gas discharge 1s
extracted from the hole and transmitted to

d) a light emission spectrometer that identifies the gas 1n
the gas discharge.

13. A gas discharge device according to claim 12, wherein

the light 1s collected from the end of the hole closest to said
second surface of said substrate, opposite said electrodes.

14. A gas discharge detector that analyzes a gas, compris-

ng:

a) a substantially uninterrupted insulative substrate with a
first surtface;

b) a first electrode on said first surface of said substrate;

¢) an msulating layer on a portion of said first electrode and
a portion of said substrate;

¢) a second electrode positioned on said insulating layer
such that said first and second electrodes extend over a
common section of said substrate and are separated by
said insulating layer;

d) wherein the gas discharge detector 1s adapted to receive
suificient voltage between said electrodes 1n the pres-
ence of a gas that causes light to be emitted 1n a discharge
region around the electrodes; and

¢) spectral analysis equipment that identifies properties of
the gas by analyzing said light collected from the dis-
charge region.
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